The consequences of apoptosis extend beyond the mere death of the cell. We have shown that receptor-mediated recognition of apoptotic target cells by viable kidney proximal tubular epithelial cells (PTECs) inhibits PTEC proliferation, growth, and survival. Here, we tested the hypothesis that continual exposure to apoptotic targets can induce a phenotypic change in responding PTECs, as in other instances of natural selection. In particular, we demonstrate that repeated exposure to apoptotic targets leads to emergence of a PTEC line (denoted BU.MPT SEL ) resistant to apoptotic target-induced death. Resistance is exquisitely specific. Not only are BU.MPT SEL responders fully resistant to apoptotic target-induced death (ϳ85% survival versus <10% survival of nonselected cells) but do so while retaining sensitivity to all other target-induced responses, including inhibition of proliferation and growth. Moreover, the resistance of BU.MPT SEL responders is specific to target-induced apoptosis, as apoptosis in response to other suicidal stimuli occurs normally. Comparison of the signaling events induced by apoptotic target exposure in selected versus nonselected responders indicated that the acquired resistance of BU.MPT SEL cells lies in a regulatory step affecting the generation of the pro-apoptotic protein, truncated BH3 interacting-domain death agonist (tBID), most likely at the level of BID cleavage by caspase-8. This specific adaptation has especial relevance for cancer, in which the prominence and persistence of cell death entail magnification of the post-mortem effects of apoptotic cells. Just as cancer cells acquire specific resistance to chemotherapeutic agents, we propose that cancer cells may also adapt to their ongoing exposure to apoptotic targets.
Although apoptosis itself is a cell-autonomous process, its effects range far beyond the mere death of the cell. Through an array of mechanisms, both direct and indirect, dead or dying cells actively and potently influence other cells within their microenvironment (1) (2) (3) (4) . Although earlier studies focused on the ability of apoptotic cells to suppress inflammation (5) (6) (7) (8) , apoptotic cells also affect a broad range of cellular functions, including such vital activities as survival (9 -11) , proliferation (9 -11) , differentiation (12) , metabolism (13) , and migration (1, 3, 4) . Importantly, these effects are not limited to the professional phagocytes charged with the clearance of apoptotic cells but extend to virtually every living cell in the vicinity of the apoptotic cell, regardless of its origin or lineage (10 -18) .
A striking complexity characterizes the flow of information from apoptotic cells to live cells (1) (2) (3) (4) 19) . Information can be extracted from multiple death-related variables, including the mode of cell death (e.g. whether apoptotic or necrotic (7, 10, 11, 13, 20) ) and, under certain circumstances, even the conditions and particular inducer of the form of cell death (11, 21) , as well as the pattern, distribution, kinetics, rate, and extent of cell death (22) (23) (24) . Moreover, the response by a given live cell depends as much on the identity of the responding cell itself as on the specific nature of the death-related variables. For example, whereas murine macrophages and kidney proximal tubular epithelial cells (PTECs) 3 respond similarly to apoptotic targets with respect to inhibition of proliferation, their responses are opposite with respect to survival (9 -11) . Apoptotic cells pro-mote macrophage survival, but they induce apoptotic death in responding PTECs (9 -11) . Even cells of the same lineage can differ in their responses, depending on their organ of origin (e.g. PTECs versus mammary epithelial cells) (10, 11) or stage of differentiation (e.g. neutrophils) (25, 26) .
We have previously characterized the responses of Boston University mouse proximal tubule (BU.MPT) cells, a conditionally immortalized PTEC line, to apoptotic target cells (10, 11, 13, 27) . Besides a signature set of intracellular signaling events, responding BU.MPT cells demonstrate profound inhibition of cell survival, proliferation (cell number), and growth (cell size). Notably, in nearly all cases, the response to necrotic target cells is neutral or opposite that to apoptotic targets, indicating specificity for the mode of cell death (10, 11, 13, 27) . Consistent with the different responses elicited by apoptotic versus necrotic targets, PTECs have distinct noncompeting receptors for target cells undergoing these two modes of cell death (10) .
The following features characterize the death response of BU.MPT cells to apoptotic targets. Death is profound, with ϳ100% of responding BU.MPT cells dead by 72 h following a 6-h exposure to apoptotic targets (10, 11) . Death requires physical interaction between responding BU.MPT cells and apoptotic targets but is independent of phagocytosis (11) . Responding BU.MPT cells die via apoptosis, with cleavage of caspase-3 and exposure of phosphatidylserine on the outer leaflet of the plasma membrane (10, 11) . Apoptosis appears to be the result of extrinsic stimuli, as indicated by cleavage of caspase-8, although the identities of the initiating ligand and its receptor are as yet undetermined (11) .
The unusualness of this "death-inducing-death" response allowed us to test the hypothesis that continual exposure to apoptotic targets may induce a phenotypic change in the behavior of responding cells, in a manner analogous to other instances of natural selection. In particular, using a cell culture model, we determined whether continual exposure to apoptotic target cells could lead to the emergence of a PTEC line that was resistant to apoptotic target-induced death. This question is of especial relevance in situations of augmented cell death, such as that seen in progressive tissue injury or cancers. The example of cancer is especially important, as tumors are characterized by increased rates of both proliferation and death (19, 28 -30) . With the possible exceptions of embryogenesis and the immature thymus, the degree of cell death in cancers far outstrips that occurring in other organs under physiological conditions. Moreover, the supply of dead cells in tumors undergoes more or less continuous renewal. This is in contrast to noncancerous tissues where, even in situations of severe injury or pathology, cell death rarely continues unabated for the weeks to months characteristic of growing tumors.
We demonstrate that repeated exposure to apoptotic cells can indeed induce the selection of a resistant line of BU.MPT cells. Remarkably, selection impacts only the death response, with all other signaling events and outcomes, including inhibition of proliferation and growth, remaining intact. Furthermore, the sole suicidal stimulus to which selected BU.MPT cells are resistant is exposure to apoptotic targets. The response to other suicidal stimuli is indistinguishable in selected versus nonselected BU.MPT cells. This specific adaptation to the pres-ence of apoptotic cells has especial consequence for cancer, in which the post-mortem effects of dead cells are magnified because of the increased rate and persistence of cell death. Like other features of the tumor microenvironment (19, (31) (32) (33) (34) (35) (36) , dead cells may play a major role in shaping the neoplastic phenotype.
Results

Repeated exposure to apoptotic targets leads to generation of a line of BU.MPT cells resistant to the death-inducing effects of apoptotic targets
To generate a line of BU.MPT cells resistant to the deathinducing effects of apoptotic targets, BU.MPT cells were subjected to repeated cycles of selection, according to the following protocol. Confluent monolayers were continuously exposed to an excess of apoptotic targets (actinomycin D-induced DO11.10 (DO) cells, at a target/responder ratio of ϳ10:1). After 72 h, dead and floating cells were washed away, and the remaining viable cells were cultured until proliferation ceased, in the form of either isolated colonies (earliest selections) or confluent monolayers (later selections). Cells were then passaged and grown to confluence, and another cycle of selection was commenced. In the earliest selections, only individual cells survived the 72-h exposure (ϳ10 -50 out of 5-10 ϫ 10 6 ), whereas in later selections, the monolayer was barely interrupted, with only occasional lacunae.
After each cycle of selection, we assessed the response of the selected cells (hereafter designated BU.MPT SEL ) to apoptotic targets. BU.MPT SEL responders were exposed to apoptotic targets for 6 h, washed, and then cultured for an additional 48 or 72 h. A 3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bromide (MTT) assay was then performed to determine the relative number of viable, metabolically active cells remaining ( Fig.  1A ). After 26 cycles of selection, the viability of BU.MPT SEL responders following exposure to apoptotic targets was 88.5 Ϯ 2.6 and 85.1 Ϯ 1.6% at 48 and 72 h, respectively, as compared with 16.1 Ϯ 1.4 and 7.8 Ϯ 0.4% for nonselected BU.MPT responders (p Ͻ 0.003). The relative number of viable BU.MPT SEL responders at both 48 and 72 h was not significantly different for cells unexposed versus exposed to apoptotic targets (p Ͼ 0.20).
As shown in Fig. 1B , resistance to the effect of apoptotic targets was not permanent but required ongoing selection. After ϳ20 passages without selection, the viability of BU.MPT SEL responders at 48 h following a 6-h exposure to apoptotic targets declined to that of nonselected BU.MPT responders. Viability at 72 h following exposure to apoptotic targets required ϳ30 passages without selection, before declining to that of nonselected BU.MPT responders. For this reason, for use in all subsequent experiments, BU.MPT SEL responders underwent selection every third passage.
Resistance of BU.MPT SEL cells extends to apoptotic targets of different lineages and suicidal stimuli
Although BU.MPT SEL cells were generated using DO targets induced to undergo apoptosis by treatment with actinomycin D, their resistance did not depend on the lineage of the apoptotic target or its suicidal stimulus. Resistance to apoptotic target-induced death was statistically similar for homologous (BU.MPT) versus heterologous (DO) targets and for two distinct suicidal stimuli (actinomycin D versus staurosporine) ( Fig.  2 , p Ͼ 0.10, for all target types versus no targets, at both 48 and 72 h).
BU.MPT SEL cells are resistant only to target-induced apoptosis and not to other suicidal stimuli
Having established that BU.MPT SEL cells are resistant to target-induced apoptosis, we next determined whether the resistance of BU.MPT SEL cells represented a general resistance to all suicidal stimuli or was specific to that induced by apoptotic targets. We used cleavage of caspase-3 as a marker of apoptotic death. The percentage of cells undergoing apoptosis in response to treatment with either actinomycin D or staurosporine was indistinguishable in selected versus nonselected BU.MPT responders (Fig. 3, A and B, p Ͼ 0.50). In contrast, following exposure to apoptotic targets, the percentage of responders demonstrating cleavage of caspase-3 was strikingly less for BU.MPT SEL versus nonselected BU.MPT responders (12.2 Ϯ 4.9% versus 79.3 Ϯ 1.3%, p Ͻ 0.005) ( Fig. 3, C and D) . Moreover, the percentage of caspase-3-positive cells did not differ for BU.MPT SEL responders unexposed versus exposed to apoptotic targets (p Ͼ 0.40).
Resistance of BU.MPT SEL cells to target-induced death is due neither to a loss of receptors nor to impaired phagocytosis
We have previously shown that BU.MPT cells have discrete noncompeting receptors for apoptotic versus necrotic targets (10) . In keeping with their status as nonprofessional phagocytes, BU.MPT cells bound only one-tenth the number of apoptotic and necrotic targets as compared with a macrophage cell line (10) . One potential mechanism for the resistance of BU.MPT SEL responders to apoptotic death following exposure to apoptotic targets is a loss of surface receptors. We next excluded this possibility. As with nonselected BU.MPT responders, unlabeled apoptotic, but not unlabeled, necrotic targets inhibited the binding of labeled apoptotic targets to MPT cells were subjected to repeated cycles of selection, each cycle consisting of the exposure of a serum-starved confluent monolayer of BU.MPT responders to an excess of apoptotic targets (actinomycin D-induced DO cells) at a target/responder ratio of ϳ10:1 for 72 h. After dead and floating cells were washed away, the remaining viable cells were cultured until confluence (later selections) or cessation of proliferation in the form of isolated colonies (earliest selections). Responders were then passaged and grown to confluence, and another cycle of selection was commenced. After each cycle, the viability of selected cells (designated BU.MPT SEL ) following exposure to no targets (No targets) or apoptotic targets (Apo targets) for 6 h was determined by MTT assay and is expressed as the relative cell number surviving at 48 h (top graph) and 72 h (bottom graph). As a measure of the degree of selection, the relative survival of nonselected BU.MPT responders is shown on the left side of each graph. Absorbances (A 570/650 ) were normalized against untreated BU.MPT SEL responder cells at 0 h, as shown by the dotted line (relative cell number equal to 1.0). All data points in the graphs represent the means of triplicate determinations. p Ͻ 0.003, BU.MPT SEL versus non-selected BU.MPT cells, 26th cycle, apoptotic targets, at 48 and 72 h; p ϭ not significant, BU.MPT SEL responders, no targets versus apoptotic targets, at 48 and 72 h. Shown are representative data from three separate series of experiments involving repeated cycles of selection. In each instance, a resistant line of BU.MPT emerged after 5-10 selections. B, BU.MPT SEL responders underwent the indicated number of passages without exposure to apoptotic targets. At the indicated passage numbers, the viability of BU.MPT SEL responders was determined as in panel A. p ϭ not significant, BU.MPT SEL versus nonselected BU.MPT cells at the 20th passage, 48 h after apoptotic target exposure, and at the 30th passage, 48 and 72 h after apoptotic target exposure. Error bars denote S.E.
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BU.MPT SEL cells in a dose-dependent manner ( Fig. 4 , top panels). Similarly, unlabeled necrotic, but not unlabeled apoptotic, targets inhibited the binding of labeled necrotic targets to BU.MPT SEL cells (Fig. 4 , bottom panels). Notably, instead of having fewer receptors, BU.MPT SEL cells appeared to have more receptors for apoptotic targets, as the average number of bound apoptotic targets per BU.MPT SEL versus nonselected BU.MPT cells was 1.49 Ϯ 0.25 and 0.17 Ϯ 0.01, respectively (p Ͻ 0.00005). The number of bound necrotic targets per cell did not differ between BU.MPT SEL and nonselected BU.MPT cells (0.13 Ϯ 0.03 versus 0.13 Ϯ 0.04, respectively; p Ͼ 0.50), reflecting a selective increase in receptors for apoptotic targets.
In keeping with their increased binding of apoptotic targets, BU.MPT SEL cells also demonstrated increased phagocytic capacity compared with nonselected BU.MPT cells ( Fig. 5 ). BU.MPT SEL or nonselected BU.MPT responder cells and apoptotic targets were individually labeled and incubated together for 2.5 h. Apoptotic targets that bound to responder cells but were not yet engulfed were detached by treatment with 0.4 mM EDTA. Responder cells that had ingested apoptotic targets were easily detected as dually stained cells by flow cytometry (Fig. 5A ). Inhibition of phagocytosis with cytochalasin D (2 g/ml) had no effect on the percentage of double-positive nonselected BU.MPT cells (9.7 Ϯ 2.2% versus 11.4 Ϯ 1.3%, p Ͼ 0.2), consistent with the limited phagocytic capacity of these cells (10) . In contrast, cytochalasin D significantly decreased the percentage of double-positive BU.MPT SEL cells (17.8 Ϯ 4.2% ver-sus 9.5 Ϯ 3.0%, p Ͻ 0.02). Confirming the effectiveness of cytochalasin D as an inhibitor of phagocytosis (10), the percentage of double-positive BU.MPT SEL cells, in the presence of cytochalasin D, did not differ from that of nonselected BU.MPT cells, in the presence or absence of cytochalasin D (p Ͼ 0.5). Finally, as for nonselected BU.MPT cells (10, 11, 13) , treatment of BU.MPT SEL cells with cytochalasin D did not alter their response to apoptotic targets, including resistance to apoptotic target-induced death, modulation of intracellular signaling events, and inhibition of proliferation and growth (cf. below, and data not shown).
Together, these results indicate an increased capacity by BU.MPT SEL cells to bind and ingest apoptotic targets. The origin of their resistance to target-induced death is therefore unlikely to be due to a deficiency in the recognition and/or handling of apoptotic targets.
Resistance of BU.MPT SEL cells to target-induced effects is limited to cell death, without an effect on inhibition of proliferation and growth
We have previously shown that exposure to apoptotic targets exerts a profound inhibition on both the proliferation (cell number) and the growth (cell size) of nonselected BU.MPT cells (11, 13) . We next determined whether BU.MPT SEL cells were also resistant to these effects of apoptotic targets.
To assess inhibition of proliferation, actively dividing BU.MPT SEL and nonselected BU.MPT responders were labeled with 5,6-carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) and then exposed to apoptotic or necrotic targets for 2 h. Proliferation was assessed 24 h later by determining the number of cell divisions (i.e. extent of halving of CFDA-SE cellular fluorescence) ( Fig. 6A ). Nonselected BU.MPT cells underwent 1.3 Ϯ 0.2 cell divisions by 24 h and exposure to apoptotic targets decreased the number of cell divisions to 0.5 Ϯ 0.1 (p Ͻ 0.05). Exposure to apoptotic targets also inhibited the proliferation of BU.MPT SEL cells, with the number of cell divisions at 24 h decreasing from 1.2 Ϯ 0.1 to 0.04 Ϯ 0.08 (p Ͻ 0.01). Thus, the degree of inhibition of proliferation observed for BU.MPT SEL cells was significantly greater than that for nonselected BU.MPT cells (p Ͻ 0.02).
We confirmed these results by measuring BrdU incorporation, an independent assay of cell proliferation ( Fig. 6B ). Exposure to apoptotic targets decreased BrdU incorporation to 58.2 Ϯ 8.7 and 40.5 Ϯ 7.7% of that seen in the absence of targets for nonselected BU.MPT cells (p Ͻ 0.0005) and BU.MPT SEL cells (p Ͻ 0.0005), respectively. Although the degree of inhibition observed for BU.MPT SEL cells was again greater than that for nonselected BU.MPT cells, this difference did not achieve statistical significance (p Ͼ 0.10).
As a final measure of the effect of apoptotic targets on the proliferative status of nonselected BU.MPT and BU.MPT SEL cells, we assessed PCNA expression by flow cytometry. PCNA is an auxiliary component of DNA polymerase ␦ that associates with the DNA replication complex in a detergent-resistant form during S phase of the cell cycle ( Fig. 6 , C and D). In the absence of apoptotic targets, 66.3 Ϯ 1.4% of nonselected BU.MPT cells and 50.3 Ϯ 2.3% of BU.MPT SEL cells were PCNA-positive, consistent with a high degree of basal prolifer- 
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ation. Exposure to apoptotic targets increased the percentage of PCNA-positive cells to 80.1 Ϯ 1.4% for nonselected BU.MPT cells (p Ͻ 0.002) and 65.1 Ϯ 1.7% for BU.MPT SEL cells (p Ͻ 0.001). In contrast, the percentage of cells in the G 2 /M phase of the cell cycle was decreased from 10.2 Ϯ 1.2 to 4.2 Ϯ 1.1% for nonselected BU.MPT cells (p Ͻ 0.0001) and from 26.3 Ϯ 1.5 to 6.8 Ϯ 2.1% for BU.MPT SEL cells (p Ͻ 0.0002). These changes are consistent with an apoptotic target-induced proliferative arrest at or near the boundary between G 1 and S phases of the cell cycle (37, 38) .
To assess growth inhibition, BU.MPT SEL and nonselected BU.MPT responders were again exposed to apoptotic or necrotic targets for 2 h (Fig. 7) . After 24 h, the relative size of responders in the G 1 phase of the cell cycle was assessed by flow cytometric comparison of forward scatter (13, 39) . Apoptotic targets significantly decreased the relative size of both BU.MPT SEL and nonselected BU.MPT responders to 78.0 Ϯ 5.6 and 70.2 Ϯ 10.6% of that of untreated responders, respectively (p Ͻ 0.05). The extent of growth inhibition induced by exposure to apoptotic targets did not differ for BU.MPT SEL versus nonselected BU.MPT responders (p Ͼ 0.30).
Together, these data indicate the specificity of the resistance to apoptotic targets observed in BU.MPT SEL cells. Despite virtually complete loss of the death-inducing effect of apoptotic targets, inhibition of both proliferation and growth remains intact. This suggests that the basis of resistance is restricted to signaling pathways and/or genetic events that affect cell survival only.
BU.MPT SEL cells retain the immunohistochemical features of PTEC
An important question is whether the resistance of BU.MPT SEL cells to apoptotic target-induced death is the result of a specific epithelial adaptation or instead is part of a broader differentiative program characteristic of PTEC, such as epithelial-mesenchymal transition (EMT) (40). To address 
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this, we performed immunohistochemical analysis. As shown in Fig. 8 , BU.MPT SEL and nonselected BU.MPT cells both express two specific PTEC markers, CD10 (neutral endopeptidase) and CD13 (aminopeptidase N) (41), although expression is greater in BU.MPT SEL cells. In addition, both cells lack expression of vimentin, a mesenchymal marker indicative of EMT (40, 41) . We also examined the expression of cytokeratins (CKs), a large family of intermediate filament proteins, whose expression pattern is highly specific to epithelial cell type, organ of origin, and stage of differentiation (42, 43) . Consistent with their PTEC derivation, nonselected BU.MPT cells express only CK8 and CK18 (42, 43) . BU.MPT SEL cells also express CK8 and CK18, albeit at increased levels. However, unlike nonselected BU.MPT cells, BU.MPT SEL cells express additional CKs, as demonstrated by positive staining with the anti-pan-CK mAbs, AE1 and AE3, which recognize a broad panel of CKs, but lack reactivity to CK18. Up-regulation of CK expression has been described as a sensitive marker of PTEC stress (43) and is consistent with selection of BU.MPT SEL cells by repeated exposure to apoptotic targets (13) . Taken together, these data indicate that BU.MPT SEL cells retain the features of PTEC, and therefore their resistance to apoptotic targets likely represents a specific epithelial adaptation.
Overall pattern of intracellular signaling events induced by exposure to apoptotic targets is unchanged in BU.MPT SEL cells
Exposure to apoptotic targets induces a signature set of signaling events in nonselected BU.MPT cells (10, 11, 13) . Therefore, we next determined whether differences existed in the signaling events induced by exposure to apoptotic targets in BU.MPT SEL versus nonselected BU.MPT responders. For studies without EGF stimulation ( Fig. 9A) , target exposure was for 30 min, after which responders were washed and cultured for an additional 15 min or 18 h before harvesting for lysates. For studies with EGF stimulation (Fig. 9B) , target exposure was for 30 min, after which targets were washed and stimulated for 15 min with EGF (50 nM) either immediately after target expo- 
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sure or after an additional 18 h of culture, before harvesting for lysates.
Remarkably, the overall pattern of signaling events induced by exposure to apoptotic targets did not differ between BU.MPT SEL and nonselected BU.MPT responders. This was true for the effects of apoptotic targets on both basal ( Fig. 9A ) and EGF-stimulated ( Fig. 9B ) signaling events, and for signaling events at both early ( Fig. 9 , left panels) and later ( Fig. 9 , right panels) times after target exposure. Consistent with previous data (10, 11, 13) , the response to necrotic targets was uniformly opposite that of apoptotic targets. Given the extensive crosstalk among the kinases and pathways regulating survival, proliferation, and growth (28 -30) , and the selectivity of BU.MPT SEL cell resistance to target-induced death (cf. Figs. 6 and 7), these results may not be surprising. In summary, the overall pattern of signaling events (i.e. increased or decreased phosphorylation in the presence versus absence of targets) was similar between BU.MPT SEL versus nonselected BU.MPT responders. Although there were some variations in the magnitude of the responses between BU.MPT SEL versus nonselected BU.MPT responders, such variations were in general minor and inconsistent among experiments. To account for the extremity of the difference in survival between BU.MPT SEL versus nonselected BU.MPT responders (cf. Fig. 1 ), we reasoned that a consistent and qualitatively opposite response in signaling events was required, rather than a quantitative difference in degree of phosphorylation.
Resistance of BU.MPT SEL cells to target-induced death is associated with a failure to activate BID
The apoptotic death of BU.MPT responders exposed to apoptotic targets is associated with cleavage of caspase-8 (11), sug-gesting involvement of the extrinsic pathway of apoptosis (44, 45) . In some cell types (called "type I cells"), active caspase-8 directly catalyzes the cleavage of caspase-3, triggering apoptosis in a mitochondrion-independent manner (44, 45) . In other cell types (called "type II cells"), including many epithelial cells, caspase-8 mediates the cleavage of the B-cell lymphoma 2 (Bcl-2) family member, BH3 interacting-domain death agonist (BID), leading to the generation of a mitochondrion-permeabilizing fragment known as truncated BID (tBID) and the subsequent activation of caspase-3 in a mitochondrion-dependent manner (44, 45) .
As shown in Fig. 10 , BU.MPT cells are type II cells. Exposure of nonselected BU.MPT responders to apoptotic targets induces the following events: cleavage of the 55-kDa caspase-8 proenzyme into p43 and p18 fragments (with ultimate assembly of an active (p18) 2 (p10) 2 tetramer (46)); consumption of the prosurvival inhibitory protein cellular FLICE-like inhibitory protein (c-FLIP); and depletion of BID as it is cleaved into tBID. These events are not detectable early after exposure to apoptotic targets but occur hours later, suggesting the need for new transcriptional and/or translational events. Remarkably, in BU.MPT SEL cells, despite normal cleavage of caspase-8 and consumption of c-FLIP, cellular levels of BID do not diminish, and there is no detectable generation of tBID ( Fig. 10) .
Although the failure of BID to be cleaved following exposure to apoptotic targets seems a sufficient explanation for the resistance of BU.MPT SEL cells, we also screened expression of a panel of mitochondrial proteins involved in tBID-dependent induction of apoptosis. Mitochondrial permeabilization by tBID depends on its interaction with several mitochondrial 
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proteins, the most important of which are the pro-apoptotic Bcl-2 family members, Bcl-2 antagonist/killer-1 (BAX) and Bcl-2-associated X protein (BAK) (47) (48) (49) . Mitochondrial permeabilization can be antagonized by interactions with anti-apoptotic Bcl-2 family members, such as Bcl-2 and Bcl-2-like protein extra large (Bcl-x L ) (47, 48) . In addition, the mitochondrial proteins, hexokinase I and II, have been shown to antagonize PTEC apoptosis in response to ischemic stress (50) . Mitochondrial voltage-dependent anion channel (VDAC) was included because of its interaction with several mediators and regulators of apoptosis, including hexokinase I and II and various Bcl-2 family members (50, 51) . Finally, cytochrome c oxidase subunit IV (COX IV) was included as a mitochondrial loading control (50) .
Exposure to apoptotic targets did not induce a change in expression level of these mitochondrial proteins at either early (30 min, data not shown) or late (18 h, Fig. 11 ) time points following exposure. Moreover, no consistent differences in baseline or stimulated levels were observed between BU.MPT SEL and nonselected BU.MPT responders (Fig. 11 ). Although the panel of mitochondrial proteins we examined is not exhaustive, their uniformity of expression suggests that failure to generate tBID is likely to be the sole or predominant mechanism underlying the resistance of BU.MPT SEL cells to target-induced apoptosis. 
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Resistance to apoptosis by BU.MPT SEL cells is specific for exposure to apoptotic targets, with apoptosis occurring normally in response to two other suicidal stimuli, actinomycin D and staurosporine (cf. Fig. 3 ). We therefore determined whether BID cleavage occurs normally in BU.MPT SEL cells in response to these two stimuli or, alternatively, whether resistance to BID cleavage extends to these other inducers of apoptosis, with apoptosis somehow bypassing BID and occurring via an alternative pathway. Because very low levels of tBID are sufficient to induce apoptosis (52, 53) , we enhanced tBID detection by separate analysis of cytosolic and mitochondrial lysates (54, 55) . We also included UV-B irradiation as a nonpharmacologic inducer of apoptosis.
Remarkably, as shown in Fig. 12 , cleavage of BID occurs normally in BU.MPT SEL cells in response to all suicidal stimuli except exposure to apoptotic targets. The acquired resistance of BU.MPT SEL cells is therefore highly specific, affecting the ability of these cells to undergo apoptosis only in response to this one suicidal stimulus. These results imply that BID itself is very likely normal in BU.MPT SEL cells and that the acquired resistance of these cells lies in a regulatory molecule or pathway affecting signaling events somewhere between recognition of apoptotic cells and generation of tBID.
Discussion
BU.MPT cells, a conditionally immortalized mouse kidney PTEC line (56, 57), undergo apoptosis following exposure to apoptotic targets (10, 11) . This response permitted us to test the hypothesis that repeated exposure to apoptotic targets could exert a selective pressure and induce the emergence of a specifically adapted phenotype. To a remarkable degree, this hypothesis proved true. Not only did BU.MPT SEL responders develop resistance to target-induced death, but they did so while retaining full sensitivity to all other target-induced responses, such as inhibition of proliferation and growth. Moreover, the resistance of BU.MPT SEL responders to apoptotic death was specific to target-induced apoptosis, with apoptosis in response to other suicidal stimuli occurring normally. Comparison of the multiple signaling events induced by exposure to apoptotic targets in BU.MPT SEL versus nonselected BU.MPT responders indicated that the acquired resistance of these cells lies in a regulatory molecule or pathway affecting the generation of tBID, likely at the level of BID cleavage by caspase-8.
Several points merit discussion. First is the basis by which BU.MPT SEL responders acquired their resistance to target-induced death. Several mechanisms are possible: 1) genetic mutation of a molecule within or modulating the pathway responsible for target-induced death; 2) target-induced epigenetic changes affecting the expression or activity of molecules contributing to target-induced death; 3) target-induced differentiation or dedifferentiation of BU.MPT responders leading to a new resistant phenotype; or 4) target-induced induction of a reversible genetic program conferring temporary resistance. The only one of these mechanisms effectively ruled out by our data is the new genetic mutation. Aside from the low probability of such a fortuitous event, the gradual acquisition of resistance ( Fig. 1A ) and its reversibility (Fig. 1B) are incompatible with the occurrence of a protective mutation. Because targetinduced death of responders approaches 100% (11), cells bearing a protective mutation would have an enormous survival advantage and should rapidly overtake the population within one or very few cycles. Moreover, once cells are resistant, a second nullifying mutational event would seem extremely improbable, even in the absence of further exposure to apoptotic targets. Although none of the remaining three mechanisms can be excluded absolutely, the extended time course for development and loss of resistance favors an epigenetic process. Unlike differentiation or induction of a genetic program, the adaptive accumulation of small stochastic epigenetic changes is most consistent with the gradual acquisition of resistance spanning multiple cycles of passage and exposure to apoptotic targets.
Regardless of the mechanism, the specificity of resistance is striking, affecting the induction of apoptosis by a single suicidal stimulus. A potential explanation for this exquisite specificity lies in the convergence of signaling events from multiple suicidal stimuli at the point of BID cleavage (47) (48) (49) . BID can be cleaved to generate tBID by multiple proteases in response to a wide variety of suicidal stimuli. Examples include caspase-8 in response to death receptor engagement (58, 59) , granzyme B in response to cytotoxic T lymphocyte interaction (60, 61) , calpain in response to ischemia-reperfusion injury (62) or cisplatin toxicity (63) , cathepsin in response to photosensitization (64) or lysosomal permeabilization (65) , and caspase-2 in response to heat shock (66) or endoplasmic reticulum stress (67). 
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Our results implicate the involvement of caspase-8. Activation of caspase-8 occurred following exposure of both BU.MPT SEL and nonselected BU.MPT responders to apoptotic targets. In addition, we have previously reported that treatment of nonselected BU.MPT responders with benzyloxycarbonyl-IEDT-fluoromethyl ketone, a cell-permeable inhibitor of caspase-8, attenuated target-induced death (11) . Although target-induced activation of caspase-8 initially suggested to us the critical involvement of death receptors in target-induced death of BU.MPT responders, it is now clear that a diverse range of stimuli other than death receptor engagement can activate caspase-8 (68) . These include various chemotherapeutic agents (e.g. doxorubicin), chemicals that induce endoplasmic reticulum stress (e.g. tunicamycin), and engagement by bacteria or fungi of dectin-1, a c-type lectin receptor (68) . Moreover, caspase-8 has been shown to interact with the inflammasome adaptor ASC (apoptosis-associated speck-like protein contain-ing a CARD), suggesting the possibility that ASC-containing inflammasomes may also signal through caspase-8 (69, 70) . Thus, signaling events downstream of apoptotic target recognition could conceivably feed into or take over any one of these death receptor-independent mechanisms for caspase-8 activation.
Consistent with the fact that caspase-8 activation is not limited to death receptor engagement, we observed cleavage of caspase-8 in response to all suicidal stimuli tested (cf. Fig. 12 ). However, only in the case of BU.MPT SEL responders exposed to apoptotic targets was caspase-8 cleavage not accompanied by generation of tBID. Given such uniform cleavage of caspase-8, an obvious question arises. How can generation of tBID be inhibited in response to target exposure without affecting its generation in response to other suicidal stimuli? Although studies are ongoing to address this question, the simplest explanation is that caspase-8 activation is a secondary event Immunohistochemical analyses were performed on serum-starved BU.MPT SEL and nonselected BU.MPT cells grown as adherent monolayers on charged glass slides, followed by fixation with either ethanol or formalin. Representative images are shown for each of the following: specific PTEC markers CD10 (CD10) and CD13 (CD13); the mesenchymal marker vimentin (Vimentin); and epithelial cytokeratins (CKs), either CK8 plus CK18 (CK8/18) or a broad panel of CKs minus CK18 (pan-CK), including CK1-8, -10, -14 -16, and -19. Specific detection was performed using 3,3Ј-diaminobenzidine as a chromogen. All slides were then counterstained with hematoxylin. Low power images are ϫ200 original magnification, and higher power insets are ϫ400.
in response to suicidal stimuli other than target exposure, with cleavage of BID in these cases occurring primarily via caspase-8 independent pathways. In contrast, following exposure to apoptotic targets, we propose that caspase-8 is the sole or primary protease responsible for BID cleavage. In this way, inhibition of caspase-8 -mediated cleavage of BID would render BU.MPT SEL responders resistant to target-induced apoptosis, but sensitive to other suicidal stimuli. The data presented here offer preliminary support for the notion that target-induced activation of caspase-8 is distinct from that induced by other suicidal stimuli. Thus, the p43 fragment of caspase-8 appeared as a doublet when detected in cytosolic (cf. Fig. 12 ) rather than whole-cell lysates (cf. Fig. 10 ). The intensity of the lower band was consistently stronger in response to apoptotic targets, whereas its intensity was equal to or weaker than that of the upper band in response to other suicidal stimuli (cf. Fig. 12 ).
Our results have particular relevance for situations in which there is augmented and continuous cell death. The most important of these is cancer, as nearly all tumors are characterized by Figure 9 . Overall pattern of intracellular signaling events induced by exposure to apoptotic targets is unchanged in BU.MPT SEL cells. Serum-starved BU.MPT SEL or nonselected BU.MPT responder cells were stimulated with no targets (Ϫ) or apoptotic (Apo) or necrotic (Nec) targets at a target/responder cell ratio of 1:1 for 30 min and then washed. The source of apoptotic targets was staurosporine-treated nonselected BU.MPT cells. For studies without EGF (A), responders were cultured for an additional 15 min or 18 h after target stimulation before harvesting for lysates. For studies with EGF (B), before harvesting for lysates, responders received a 15-min stimulation with EGF (50 nM) either immediately after target stimulation or after an additional 18 h of culture in the absence of targets. In all cases, targets and nonadherent responder cells were removed by washing, and responder cell lysates were probed with anti-phosphorylated Akt, FoxO1/3a, GSK3␣/␤, p38, AMPK ␣-chain, p70S6K, and S6 antibodies as shown. Equal loading among whole-cell lysates for BU.MPT SEL or nonselected BU.MPT responder cells at each of the two time points was confirmed by probing for total GAPDH. Only the overall pattern of signaling events (i.e. increased or decreased phosphorylation as compared with an absence of targets) was contrasted for BU.MPT SEL versus nonselected BU.MPT responders and not differences in the magnitude of responses between the two cell lines, as these were in general minor and inconsistent. Shown is a representative set of blots from three separate experiments. Gaps between lanes exist for clarity of presentation or because lanes were noncontiguous on the original immunoblot.
increased rates of proliferation and death (19, 28 -30) . Apoptotic target-induced alteration of a cell's phenotype has so far been described only for tumor-associated macrophages (TAMs) (71) (72) (73) (74) . Although there are important differences, polarization of TAMs by apoptotic cancer cells parallels that induced in macrophages recruited by apoptotic targets under nontumorous conditions (75, 76). Notably, exposure to apoptotic cells contributes to the phenotypic and genotypic expression Figure 10 . Resistance of BU.MPT SEL cells to target-induced death is associated with a failure to activate BID. Serum-starved BU.MPT SEL or nonselected BU.MPT responder cells were stimulated with no targets (Ϫ) or apoptotic (Apo) or necrotic (Nec) targets at a target/responder cell ratio of 1:1 for 30 min and then washed. The source of apoptotic targets was staurosporine-treated nonselected BU.MPT cells. For studies without EGF (A), responders were cultured for an additional 15 min or 18 h after target stimulation before harvesting for lysates. For studies with EGF (B), before harvesting for lysates, responders received a 15-min stimulation with EGF (50 nM) either immediately after target stimulation or after an additional 18 h of culture in the absence of targets. In all cases, targets and nonadherent responder cells were removed by washing, and responder cell lysates were probed with antibodies detecting the p43 and p18 fragments of caspase-8, c-FLIP, BID, and tBID as shown. Equal loading among whole-cell lysates for BU.MPT SEL or nonselected BU.MPT responder cells at each of the two time points was confirmed by probing for total GAPDH. Only the overall pattern of signaling events (i.e. increased or decreased expression as compared with an absence of targets) was contrasted for BU.MPT SEL versus nonselected BU.MPT responders and not differences in the magnitude of expression between the two cell lines, as these were in general minor and inconsistent. Shown is a representative set of blots from three separate experiments. Gaps between lanes exist for clarity of presentation or because lanes were noncontiguous on the original immunoblot. Serum-starved BU.MPT SEL or nonselected BU.MPT responder cells received no suicidal stimulus (Ϫ) or were induced to undergo apoptosis by one of the following suicidal stimuli: exposure to apoptotic targets (staurosporine-treated nonselected BU.MPT cells) at a target/responder cell ratio of 1:1 for 2 h, followed by overnight culture (Apo); treatment with actinomycin D (ActD); treatment with staurosporine (Stauro); or UV-B irradiation (20 -50 mJ/cm 2 ) (UV). Following treatment with suicidal stimuli, nonadherent responder cells were removed by washing, and responder cell lysates were separated into cytosolic and mitochondrial fractions. Cytosolic fractions were probed with antibodies detecting the p43 fragment of caspase-8 and BID, and the mitochondrial fractions were probed for tBID. Equal loading among cytosolic and mitochondrial lysates was confirmed by probing for total GAPDH and total mitochondrial VDAC, respectively. Only the overall pattern of signaling events (i.e. increased or decreased expression as compared with an absence of targets) was contrasted for BU.MPT SEL versus nonselected BU.MPT responders and not differences in the magnitude of expression between the two cell lines, as these were in general minor and inconsistent. Shown is a representative set of blots from three separate experiments. Gaps between lanes exist for clarity of presentation or because lanes were noncontiguous on the original immunoblot. MPT responder cells were stimulated with no targets (Ϫ), or apoptotic (Apo) or necrotic (Nec) targets at a target/responder cell ratio of 1:1 for 30 min and then washed. The source of apoptotic targets was staurosporine-treated nonselected BU.MPT cells. For studies without EGF (left panels), responders were cultured for an additional 15 min or 18 h after target stimulation before harvesting for lysates. For studies with EGF (right panels), before harvesting for lysates, responders received a 15-min stimulation with EGF (50 nM) either immediately after target stimulation or after an additional 18 h of culture in the absence of targets. In all cases, targets and nonadherent responder cells were removed by washing, and responder cell lysates were probed with antibodies detecting BAX, BAK, Bcl-2, Bcl-x L , hexokinase I, hexokinase II, and VDAC, as shown. Equal loading among whole-cell lysates for BU.MPT SEL or nonselected BU.MPT responder cells was confirmed by probing for total cellular GAPDH and total mitochondrial COX IV. Only the overall pattern of signaling events (i.e. increased or decreased expression as compared with an absence of targets) was contrasted for BU.MPT SEL versus nonselected BU.MPT responders and not differences in the magnitude of expression between the two cell lines, as these were in general minor and inconsistent. Shown is a representative set of blots from three separate experiments. Gaps between lanes exist for clarity of presentation or because lanes were noncontiguous on the original immunoblot.
of a number of the pro-oncogenic properties of TAMs (19, 35, 36, 77, 78) . TAMs acquire a phenotype favoring proliferation, angiogenesis, tissue invasion and metastasis, and evasion of immune destruction (19, 35, 36, 71, 72, 77, 78) . TAMs are also intimately involved in remodeling of the extracellular matrix and in creating an environment more conducive to tumor growth (19, 35, 36) .
To the best of our knowledge, a similar phenotypic adaptation in response to apoptotic targets has not been described for cancerous cells themselves. Although an enhancement of cancer cell proliferation and tumor growth by apoptotic cells has been well-described for many years (19, 35, 36, 79 -84) , these effects for the most part manifest promptly and appear to be the consequence of direct interaction with apoptotic targets or their products, rather than an adaptive change over time. For example, more than 50 years ago, it was reported that admixing lethally irradiated cancer cells with live cancer cells led to a higher incidence of rapidly growing tumors and shorter survival times when compared with injection of an equal number of live cancer cells (79) . These results have been replicated both in vitro and in vivo in a variety of cancers and cancer cell lines (19, 35, 36, 80 -84) . In one study, the effect was shown to be specific to apoptotic cells, as necrotic cells had no effect (80) .
In several studies, the proliferative effect of apoptotic cells strongly depended on caspase-3-mediated activation of calcium-independent phospholipase A 2 and the calcium-independent phospholipase A 2 -mediated generation of prostaglandin E 2 (81, 82, 84) . Thus, the proliferative effect of apoptotic targets was detectable on first exposure and could be attributed to the apoptotic targets themselves. Unlike the results of this study, no long-term adaptive change was sought or required in responding cells.
In summary, we show here that repeated exposure to apoptotic targets exerts a selective pressure on responding cells leading to the emergence of an adaptive phenotype. Adaptation is exquisitely specific, involving a single cellular outcome and a single stimulus inducing that outcome. This finding is consistent with a biologically meaningful cell adaptation to apoptotic targets, namely one that is limited and precise in its effects. Although neither the parent nonselected BU.MPT cell line nor the derived BU.MPT SEL cell line is itself tumorous, the demonstration of specific adaptation to the effects of apoptotic cells has important implications for tumorigenesis. In much the same way that cancer cells acquire specific resistance to chemotherapeutic agents, cells may also adapt to an ongoing exposure to apoptotic targets. Adaptation need not necessarily entail resistance nor involve signaling pathways solely affecting survival. For example, in cells for which apoptotic targets increase survival or proliferation (9 -11) , increased sensitivity to these effects may occur via up-regulation of signaling events within these pathways. Of especial importance to cancer, the increased epigenetic plasticity characteristic of cancer cells (85) may permit an accelerated adaptive response to the increased presence of dead neighbors. On the basis of these considerations, we propose that agents that prevent or inhibit the adaptive response to apoptotic cells may prove an important addition to the armamentarium in the treatment of cancer.
Experimental procedures
Materials
Unless otherwise stated, all chemicals were obtained from Sigma, Invitrogen, or ThermoFisher Scientific (Pittsburgh, PA). Cell culture medium was obtained from Mediatech (Herndon, VA).
Antibodies
FITC-labeled rabbit mAb (C92-605) detecting activated cleaved caspase-3 was obtained from BD Biosciences. Rabbit mAb (D16A8) detecting total c-FLIP, rabbit mAb (D17C4) detecting total B-cell Bcl-2, rabbit mAb (54H6) detecting total Bcl-x L , mouse mAb (4D11-B3-E8) detecting total COX IV, rabbit mAb (C35C4) detecting hexokinase I, rabbit mAb (C64G5) detecting hexokinase II, rabbit mAb (D73D12) detecting mitochondrial VDAC, and rabbit mAb (14C10) detecting total GAPDH were obtained from Cell Signaling Technology (Beverly, MA). Affinity-purified polyclonal rabbit antibodies detecting the Thr 308 -phosphorylated form of Akt, the Ser 473 -phosphorylated form of Akt, the active Thr 24 -phosphorylated form of FoxO1, the active Thr 32 -phosphorylated form of FoxO3a, the inactive Ser 21 -phosphorylated form of glycogen synthase kinase (GSK) 3␣, the inactive Ser 9 -phosphorylated form of GSK3␤, the active Thr 180 -and Tyr 182 -phosphorylated form of p38 (p38␣, p38␤, p38␥, and p38␦), the active Thr 172 -phosphorylated ␣1 and ␣2 isoforms of AMP-activated protein kinase (AMPK), the active Thr 389 -phosphorylated form of p70 S6 kinase 1 (p70S6K1) and p70S6K2, the active Ser 240/244 -phosphorylated form of S6 ribosomal protein (S6), the cleaved forms of caspase-8, total BAK, total BAX, and total ␤-actin were obtained from Cell Signaling Technology (Beverly, MA). Rat mAb detecting full-length 20-kDa BID and 15-kDa C-terminal tBID was obtained from R&D Systems (Minneapolis, MN). Anti-activated caspase-3 detects the active caspase-3 heterodimer consisting of 17-and 12-kDa subunits. Anti-cleaved caspase-8 antibody detects caspase-8 following its enzymatic cleavage at Asp 387 . This antibody detects the active p18 subunit as well as the p43 prodomain containing p18. Horseradish peroxidase-linked donkey anti-rabbit F(abЈ) 2 from GE Healthcare was used as a secondary antibody for detection of Western blottings by enhanced chemiluminescence.
Cell culture
All cells were grown at 37°C in a humidified 5% (v/v) CO 2 atmosphere unless otherwise stated. BU.MPT cells, a conditionally immortalized mouse kidney PTEC cell line, were maintained in high-glucose Dulbecco's modified Eagle's medium containing 10% (v/v) heat-inactivated FBS, 2 mM L-glutamine, 10 mM HEPES, 100 units/ml penicillin/streptomycin, and 10 units/ml IFN-␥. BU.MPT cells were derived from a transgenic mouse bearing a temperature-sensitive mutation (tsA58) of the SV40 large tumor antigen (TAg) under the control of the mouse MHC H-2K b class I promoter (56, 57) . Under permissive conditions, defined as growth at 33-37°C in the presence of IFN-␥, the tsA58 TAg transgene is expressed. Under nonpermissive temperatures, defined as growth at 39.5°C in the absence of IFN-␥, expression of the tsA58 TAg transgene is inhibited (by Ͼ95%) , and BU.MPT cells behave like primary cultures of mouse kidney PTECs. Prior to all experiments, BU.MPT cells were serum-starved and cultured under nonpermissive conditions for 24 h. DO11.10 (DO) cells, a T cell hybridoma line, were grown in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated FBS, 100 units/ml penicillin/streptomycin, and 50 M 2-mercaptoethanol.
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Preparation of apoptotic and necrotic cell targets
Apoptosis of DO and BU.MPT cells was induced by one of three methods: incubating cells in FBS-free medium containing the nonselective protein kinase inhibitor staurosporine (1 g/ml, 3 h); incubating cells in FBS-containing medium containing the macromolecular synthesis inhibitor actinomycin D (200 ng/ml, overnight); or by irradiating cells with UV-B irradiation (20 -50 mJ/cm 2 ) followed by overnight incubation at 37°C. After induction of apoptosis, the remaining adherent cells were detached by addition of 4 mM EDTA and pooled with floating cells, followed by three washes and resuspension in fresh FBS-free medium before use in experiments. For induction of necrosis, cells were first detached with 4 mM EDTA and suspended in the appropriate FBS-free medium. Necrosis was then induced by heating cells to 70°C for 45 min, followed by incubation at 37°C for 2 h. Apoptotic targets were added to responder cells either directly or after fixation for 30 min with 0.4% (v/v) paraformaldehyde in PBS, with similar results. Necrotic targets were always added directly without fixation.
Induction of apoptosis or necrosis was confirmed by flow cytometry. Early apoptotic cells (intact cell membranes) were defined as propidium iodide (PI)-negative cells with annexin V staining and decreased cell size. Necrotic cells were defined as PI-positive cells of normal or increased cell size. Late apoptotic cells (nonintact cell membranes) were defined as PI-positive cells with annexin V staining and decreased cell size. Loss of membrane integrity by necrotic cells was confirmed by trypan blue staining. By these criteria, apoptotic target preparations contained ϳ85% early apoptotic and ϳ15% late apoptotic cells. Necrotic target preparations contained ϳ95% necrotic cells. In all preparations, viable cells, defined as PI-negative cells of normal size without annexin V staining, composed Ͻ5% of the total cell population.
MTT assay
The number of viable BU.MPT SEL and nonselected BU.MPT responder cells following exposure to apoptotic or necrotic targets under various experimental conditions was determined using a modification of the MTT assay as described previously (86) . After removing the growth medium, 200 l of MTT dissolved in growth factor-free culture medium (1 mg/ml) was added to each well. After incubation at 37°C for 4 h, MTT formazan crystals that formed were dissolved by adding 200 l of 10% (w/v) SDS in 0.01 N HCl and incubating overnight at 37°C. Aliquots from each well were read using a Bio-Rad model 680 microplate reader with a test wavelength of 570 nm and a reference wavelength of 650 nm. The relative number of viable cells for each experimental condition was expressed as a normalized value by taking the ratio of the mean absorbance (A 570/650 ) for the experimental condition to that for untreated control responder cells.
CFDA-SE cell proliferation assay
BU.MPT SEL and nonselected BU.MPT responder cells were green labeled with CFDA-SE (4 M; excitation wavelength, 488 nm; emission wavelength, 525 nm; Molecular Probes, Eugene, OR). CFDA-SE-labeled responder cells were exposed to apoptotic or necrotic target cells for 2 h. After targets were washed away, responder cells were cultured for an additional 0 or 24 h, harvested with PBS supplemented with 0.4 mM EDTA, fixed with 0.4% formaldehyde, and analyzed cytofluorimetrically on a FACSCalibur instrument (BD Biosciences). The number of cell divisions the responder cells had undergone was determined from the ratio of the mean CFDA-SE fluorescence at 24 h to that at 0 h by Equation 1,
BrdU cell proliferation assay
BrdU incorporation into newly synthesized DNA of proliferating cells was determined by immunoassay using a kit from MyBioSource, Inc. (San Diego), according to the manufacturer's instructions.
Flow cytometric analysis of PCNA abundance
PCNA abundance was analyzed as described previously (38) . In brief, BU.MPT responder cells were exposed to apoptotic or necrotic targets for 2 h; cells were washed and cultured overnight, then harvested by trypsinization, and resuspended in permeabilization buffer (Ca 2ϩ -and Mg 2ϩ -free PBS containing 5 mM EDTA, 1% BSA, and 0.5% Triton X-100) at 4°C for 15 min, followed by fixation in 100% methanol at Ϫ20°C for 10 min. Cells were stained with an Alexa-Fluor 488-conjugated mouse mAb (PC10) detecting PCNA (Cell Signaling Technology) and PI. Samples were analyzed cytofluorimetrically on a FACSCalibur instrument.
Flow cytometric analysis of apoptosis
BU.MPT SEL and nonselected BU.MPT responder cells undergoing apoptosis were detected using the PE active caspase-3 apoptosis kit (BD Biosciences) according to kit instructions. Targets (apoptotic or necrotic) were labeled red with (5,6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine (CMTR; 8 M; excitation wavelength, 488 nm; emission wavelength, 610 nm; Molecular Probes) to distinguish them from BU.MPT responder cells. Samples were analyzed cytofluorimetrically on a FACSCalibur instrument. Unstained cells, both responders and targets, were used to compensate for spectral spillover.
Flow cytometric analysis of cell growth
Cell growth was assessed by a modification of previously described methods (13, 39) . In brief, BU.MPT SEL and nonselected BU.MPT responder cells were exposed to apoptotic or necrotic targets for 2 h and then rinsed twice with PBS. After
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overnight culture, cells were stained with DAPI (1 g/ml) for 30 min at 37°C, harvested by trypsinization, and resuspended in Ca 2ϩ -and Mg 2ϩ -free PBS containing 2 mM EDTA and 10% (v/v) heat-inactivated FBS. Single-cell suspensions were run on either an LSRFortessa flow cytometer with FACSDiva TM acquisition software (BD Biosciences) or a CyAn TM ADP flow cytometer with Summit TM acquisition software (Beckman Coulter, Inc., Fullerton, CA). Cells were gated to exclude cellular aggregates. Gated cells were assessed for DNA content, and the relative size of cells in G 1 phase of the cell cycle was determined by measuring forward scatter area. Analysis was performed on either fixed (2% paraformaldehyde for 20 min) or live unfixed responder cells, with similar results.
Phagocyte interaction assays
Binding and phagocytosis of apoptotic targets by BU.MPT SEL and nonselected BU.MPT cells were assessed, as described previously (10, 87) . In brief, after green labeling with CFDA-SE (4 M), DO target cells were induced to undergo apoptotic cell death as described above. Responder cells were labeled red with CMTMR (8 M). Both target and responder cells were labeled at 37°C for 30 min while still adherent on the day preceding the experiment and cultured overnight in medium containing 10% FBS to eliminate unbound label.
For binding assays, green-labeled apoptotic or necrotic targets, either alone or in mixtures with unlabeled targets, were added to unlabeled BU.MPT monolayers (10 5 cells/well) and allowed to interact for 2-6 h. Wells were washed with ice-cold saline three times, and plate-bound fluorescence was analyzed on a Cytofluor 2350 fluorescence plate reader (Millipore, Marlborough, MA). For quantitation, a standard curve was prepared with a graded number of labeled target cells. The fluorescent labeling of target cells, which varied minimally (Ͻ10%) between experiments, yielded specific fluorescence intensities of ϳ6.25 ϫ 10 3 fluorescence units/10 5 cells (above a background of Ͻ50 fluorescence units). This degree of labeling permitted reliable quantitation of as few as 0.01 target cells per responder cell (based on 10 5 responder cells analyzed per well). Individual experiments represent the means of triplicate determinations, and all data points are the means Ϯ S.E. of at least three experiments.
For phagocytosis assays, red-labeled responder cells were cocultured with green-labeled apoptotic targets for 2.5 h at 37°C. Cells were then harvested with PBS supplemented with 0.4 mM EDTA and analyzed cytofluorimetrically on a FACSCaliber instrument. Engulfing cells were identified by double-positive staining, and fractional engulfment was defined as the percentage of responder cells that contained at least one apoptotic target (percentage of red-labeled cells that are also green-labeled). Apoptotic targets bound to responder cells at the end of the co-incubation period but not yet engulfed were detached by the treatment with 0.4 mM EDTA and did not remain bound during analysis.
Western blot analysis
After stimulation of BU.MPT responder cells with apoptotic or necrotic targets, in the presence or absence of EGF (50 nM) (EMD Calbiochem), responders were washed three times with ice-cold PBS and then lysed in ice-cold cell lysis buffer (TBS containing 10 mM sodium pyrophosphate, 0.5% w/v deoxycholate, 0.1% w/v SDS, 10% glycerol, 25 mM sodium fluoride, 10% Triton X-100, 1 mM DTT, 1 mM PMSF, 10 mM sodium orthovanadate with added Complete Mini EDTA-free antiprotease mixture tablet (Roche Applied Science)). Lysates were sonicated on ice with 10 pulses of 20 Hz, then centrifuged at 20,000 ϫ g for 10 min at 4°C. Supernatants were stored at Ϫ70°C.
Protein concentrations of samples for gel electrophoresis were determined by the bicinchoninic acid protein assay (Pierce). Samples were then boiled in 6ϫ reducing sample buffer for 5 min at 95°C, and 5 g per sample were loaded onto 4 -15% Mini-PROTEAN TGX precast gels (Bio-Rad), electrophoresed at 120 V at constant voltage, and wet transferred on Genie blotter (Idea Scientific, Minneapolis, MN) at 12 V constant voltage to Immobilon-P (0.45 m) polyvinylidene difluoride membranes (Millipore; Billerica, MA). Membranes were blocked with 5% w/v dry milk in TBS plus 0.1% (v/v) Tween 20, before probing with one of the primary antibodies described above. Following incubation with secondary antibody, immunoreactive bands were visualized by the luminol reaction (GE Healthcare). Equivalent loading of protein samples was monitored by staining with Ponceau S (0.25% w/v) in 0.1% v/v acetic acid for 5 min and/or detection of GAPDH or mitochondrial VDAC.
Subcellular fractionation
Cytosolic and mitochondrial fractions were prepared as described previously (54, 55) . Briefly, 5 ϫ 10 6 cells were harvested and washed twice in PBS. Pellets were resuspended in cytosolic lysis buffer (2 mM NaH 2 PO 4 , 16 mM Na 2 HPO 4 , 150 mM NaCl, 500 mM sucrose, 1 mM DTT, 0.5 mg/ml digitonin, with added Complete Mini EDTA-free anti-protease mixture tablet (Roche Applied Science)) for 5 min on ice. Cells were centrifuged for 1 min at 20,000 ϫ g at 4°C. The resulting supernatant was collected as the cytosolic fraction, and the pellet was resuspended in mitochondrial lysis buffer (30 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 200 mM phenylmethanesulfonyl fluoride, 2 mM DTT, with added Complete Mini EDTA-free anti-protease mixture tablet (Roche Applied Science)) for 2 h at 4°C. The suspension was then centrifuged at 20,000 ϫ g for 20 min at 4°C. The resulting supernatant was collected as the mitochondrial fraction.
Immunohistochemical staining and evaluation
Cell monolayers grown on HistoBond adhesion slides (Stat-Lab, McKinney, TX) were washed with PBS and pre-fixed with 100% ethanol or, in some cases, 10% buffered formalin (CD13) on a BOND RX m autostainer (Leica Biosystems Inc., Lincolnshire, IL) prior to staining. Adherent cells were stained on a BOND RX m autostainer according to pre-set protocols with anti-CD10 mouse mAb (56C6; Leica), anti-CD13 rabbit polyclonal antibody (3D8; Santa Cruz Biotechnology, Dallas, TX), anti-vimentin mouse mAb (V9; Sigma), anti-CK8/18 rabbit mAb mixture (EP17/EP30; Cell Marque, Rocklin, CA), or antipan-CK (CK1-8, -10, -14 -16, and -19) mouse mAb mixture (AE1/AE3; Leica). In some cases, adherent monolayers were Apoptotic cells induce selective epithelial cell adaptation subjected to citric acid-based antigen retrieval with Bond ER1 solution, pH 6 (Leica), for 20 min at 100°C (for AE1/AE3 and CK8/18) or enzymatic antigen retrieval with proteinase K (Leica) for 10 min (for CD13). All samples were blocked with H 2 O 2 for 5 min and Background Sniper (Biocare Medical, Pacheco, CA) protein block for 15 min. After washing with BOND Wash Solution (Leica), cells were incubated with primary antibodies for 30 min (CD10, vimentin, CK8/18, and AE1/ AE3) or 60 min (CD13). Detection was performed using a BOND Polymer Refine Detection kit (Leica) containing 3,3Јdiaminobenzidine as a chromogen. All slides were counterstained with Mayer's hematoxylin for 5 min and then mounted with Surgipath Micromount Media (Leica). Whole slide scans were obtained on a Nanozoomer 2.0-HT digital slide scanner (Hamamatsu Photonic Systems, Park Ridge, IL), from which representative areas of interest were selected for publication.
Statistics
Data are expressed as mean Ϯ S.E. of the averaged values obtained from each experiment. Statistical significance was determined by a two-tailed Student's t test or one-way analysis of variance.
